We recently analyzed a new class of laser amplifier based on transverse Bragg ref lection. We show that the unique properties of Bragg confinement make it possible through modal loss discrimination to achieve single-transverse-mode operation with transverse modal size that is an order of magnitude larger than in lasers that depend on total internal ref lection A unique feature of the TBR structures is the large modal cross section, which makes them particularly attractive for applications such as high-power delivery and high-power lasers, for which the maximal power is limited by the transverse modal size and the power density at catastrophic optical mirror damage of the end facets. 4, 5 In conventional waveguides based on total internal ref lection, to achieve good beam quality (single-lateral-mode operation) the core width is typically limited to several micrometers, such as in the well-known ridge waveguide laser.
It is well known that one can form one-dimensional photonic crystal waveguides, i.e., Bragg waveguides, by Bragg ref lection from periodic cladding rather than from total internal ref lection. 1 Recently a new type of two-dimensional photonic crystal waveguide, the transverse Bragg resonance (TBR) waveguide, was proposed and analyzed. 2, 3 A unique feature of the TBR structures is the large modal cross section, which makes them particularly attractive for applications such as high-power delivery and high-power lasers, for which the maximal power is limited by the transverse modal size and the power density at catastrophic optical mirror damage of the end facets. 4, 5 In conventional waveguides based on total internal ref lection, to achieve good beam quality (single-lateral-mode operation) the core width is typically limited to several micrometers, such as in the well-known ridge waveguide laser. 5 In this Letter we investigate the condition of single-transverse-mode guiding in a TBR waveguide with a much larger core width and demonstrate that the TBR waveguide can possess a much larger core width and thus can have a significant advantage over the traditional total internal ref lection waveguides for high-power laser applications. Futhermore, the basic idea proposed here can be used to increase the core widths of other types of photonic crystal waveguides.
As shown in Fig. 1(a) , the TBR waveguide consists of a slab (with dielectric constant´c o and width W co ) f lanked by two Bragg ref lectors, which alternate between a high-index layer with dielectric constant 1 and layer thickness L 1 and a low-index layer with dielectric constant´2 and layer thickness L 2 . In this Letter we consider only small index contrast, with co ´2 Х´1. We further require that L 1 L 2 b͞2, which provides optimal conf inement according to the results in Refs. 2 and 3. The z dependence of the guided mode can be described by a complex propagation constant b b R 1 ib I by the factor exp͑2ibz͒. Using the boundary condition of no incoming wave at the cladding edge, we f ind that a guided mode in a passive TBR waveguide satisf ies the following phase condition 2, 3 :
where m is an integer, S ͓jkj of the Bragg ref lector and k 0 and k co , respectively, represent the transverse wave vector in the cladding and the core regions. For small index contrast co ´2 Х´1, we have k 0 Х k co . Consider the f ield prof ile obtained in Ref. 3 for Re͑SL͒ ¿ 1. The envelope of the cladding field can be well approximated by an exponential decay exp͓2Re͑S͒jxj͔. The transverse field profile of a guided mode calculated with the coupled-mode formalism is plotted in Fig. 1(b) . An envelope function of the form exp͓2Re͑S͒jxj͔ is given in Fig. 1(b) by the dashed curve, which shows a good match with the coupled-mode results. For the calculations we chose typical parameters l 1.55 mm, 1 12.96, and b 0.32 mm, which are used throughout the rest of the Letter. The additional parameters are´c o ´2 12.25, W co 1.65 mm, and L 12.8 mm.
For integrated optics applications, the waveguide loss is typically limited to a level of less than 1 dB͞cm, which corresponds to g ϳ b I ഠ 10 25 mm 21 , whereas, according to the def inition following Eq. (1), jkj is approximately 10 22 mm 21 for´1 2´2 ϳ 10 21 . As a result, we can ignore g and put S ͑jkj 2 2 Dk 2 ͒ 1͞2 . In Fig. 2(a) we use g b I 0 and show the real part of S as a function of b R c͞v for a TBR waveguide with´c o ´2 12.25. A conf ined mode requires a decaying cladding field and occurs only if Re͑S͒ . 0 and consequentially Dk , jkj. This in turn limits the possible values of the real part of propagation constant b R c͞v of the guided modes within the bandgap region, as shown in Fig. 2(a) . A well-confined TBR mode also requires that Re͑S͒L ¿ 1. We can simplify Eq. (1) under these approximations into
Considering a multimode (same-frequency) TBR waveguide with a large core area; according to Eq. (2) (2), we can estimate the number of transverse modes in a large-core-area TBR waveguide. As the total change of F is p within the bandgap region jDkj , jkj, we treat it is a slowly varying variable and ignore the term F 2 2 F 1 in the expression for Dk diff . Under this assumption, for a given bandgap region jDkj , jkj the total number of guided modes is
Applying Eq. (3) to the TBR waveguide studied in Fig. 2(b) , we obtain an estimate of N mod e 6, which is a reasonable value compared with the five guided modes shown in Fig. 2(b) . From Eq. (3) we can def ine W co sig p͞2jkj as the largest core width of a TBR waveguide that can support only one mode. In Table 1 we list the estimation of W co sig for three values of dielectric constant contrast in the TBR cladding. In a TBR waveguide the guided modes penetrate substantially into the cladding structures [as can be seen from Fig. 1(b) ], with a penetration depth of 1͞Re͑S͒. Therefore, for these single-mode TBR waveguides, we can def ine the effective modal width as W co sig 1 2͞Re͑S͒. For D´ 0.072 in Table 1 (corresponding to an index contrast of Dn 0.02), the effective modal width approaches 93 mm, which is ϳ20 times larger than that of the state-of-the art single-ridge waveguide high-power semiconductor laser. 5 For applications such as high-power lasers it is possible to use W co larger than W co sig and still maintain single-transverse-mode operation. The key reason is that multiple transverse modes have significantly different propagation loss, a unique feature to the TBR waveguide. For example, in Fig. 2(b) the propagation loss of the centered mode is 0.0154 dB͞cm, which is smaller than 0.0242 and 0.0235 dB͞cm, the losses of the two side modes, respectively. This modal loss discrimination can be attributed to the fact that different transverse modes occupy different positions within the bandgap region, with maximal conf inement (least propagation loss) achieved at the band center ͑Dk 0, S jkj͒.
To quantify the degree of single-mode lasing in a multimode TBR waveguide we use the concept of the mode suppression ratio (MSR), which is def ined as the ratio of the output power in the main lasing mode to that in the next-strongest side mode and can be estimated as 6 where Da and Dg are, respectively, the loss and gain differences between the main mode and the side mode and d G is the difference between the total loss and the modal gain for the main lasing mode. From a rate equation analysis it can be shown that the modal gain of the main lasing mode is always slightly smaller than the cavity loss at steady-state operation and that d G has a typical value of ϳ10 24 cm 21 for an injection current that is ten times above the threshold value. 7 In this Letter we consider only multiple transverse modes with the same frequency and assume that the main mode and the side modes correspond, respectively, to the centered mode with the lowest propagation loss and the side modes with the second-lowest propagation loss shown in Fig. 2(b) . Because the different modes have the same frequency and similar field distribution, gain difference Dg is quite small, and the main contribution to the MSR comes from Da. If the mirror loss difference is ignored, Da is simply the propagation loss difference between the main mode and the side mode. We chose the width of the Bragg cladding, L, to keep the loss of the main mode at the level of 1 dB͞cm. In the three rightmost columns of Table 1 we give core widths W co that correspond to MSRs of ϳ10,000, ϳ1000, and ϳ100, respectively. We observe that for D´ 0.144 the TBR laser can maintain single-transverse-mode operation with a core width as large as 255 mm. As a result, we expect that the TBR lasers will lead to a significant boost of the output power of high-power lasers.
MSR
There are several nonlinear mechanisms (carrierinduced index change is the dominant one) that might degrade the single-lateral-mode operation of a TBR semiconductor laser. 8 The carrier-induced index change can be estimated from Dn ഠ n 2 I , where n 2 is typically ϳ2 3 10 210 cm 2 ͞W. 8 If we use an optical power density I that corresponds to the threshold for mirror damage, which is approximately 10 MW͞cm 2 for cw operation, 4 we f ind that the maximum carrier-induced index change is Dn ഠ 0.002, which corresponds to one tenth of the smallest index contrast used in Table 1 . In this case, if we assume a worst-case situation and assume that the index contrast is changed to Dn 0.022 as a result of the carrier-induced index change, calculations show that the MSR will be reduced by a factor of 2, which is more than enough for achieving single-lateral-mode operation. Therefore we believe that the carrierinduced index change should not significantly degrade the single-transverse-mode operation of a high-power semiconductor TBR laser.
